Introduction {#S0001}
============

The hereditary disorder, severe alpha-1 antitrypsin (AAT) deficiency, is characterized by reduced serum levels of AAT.[@CIT0001] The genetic defect results in polymerization and misfolding of the AAT molecule in the hepatocytes and to its accumulation in the liver, leading to a decreased quantity of AAT in the circulation.[@CIT0002] Individuals with normal AAT alleles (PiMM) are protected by the circulating AAT in the lungs against the proteolytic activity of neutrophil elastase, which destroys elastin, a supporting protein of the lung parenchyma.[@CIT0002] The main clinical manifestation and the most frequent cause of disability and death associated with severe deficiency of AAT are panacinar emphysema.[@CIT0002] Smoking is the primary environmental risk factor for developing emphysema, and AAT-deficient smokers are at risk of developing early-onset emphysema.[@CIT0002] Smokers with severe alpha-1 antitrypsin deficiency (AATD) have an increased mortality risk compared to nonsmokers.[@CIT0003] Never-smoking individuals with severe AATD, who are identified by screening, seem to have a similar survival rate as the general population.[@CIT0004]

The forced expiratory volume in one second (FEV~1~) is useful in the diagnosis and prognosis of chronic obstructive pulmonary disease (COPD).[@CIT0005] Since Fletcher and Peto described the natural history of FEV~1~, the rate of decline in FEV~1~ serves as a marker of the degree of airway obstruction and so of chronic respiratory disease progression.[@CIT0006] Also in healthy individuals, FEV~1~ changes with age, increasing during childhood to a stage through early adulthood and decreasing thereafter in a relatively linear fashion during adulthood, showing an accelerating decline in the elderly.[@CIT0005],[@CIT0006] In COPD, previous publications have addressed age, dyspnea, continuing smoking, poor bronchodilator response and exacerbation frequency as important prognostic factors[@CIT0010] The initial value of FEV~1~ has been reported as an accurate predictor of respiratory mortality.[@CIT0008],[@CIT0011]

Studies on lung function in individuals with severe AATD have been sparse and included only a limited number of patients, mostly identified by respiratory symptoms.[@CIT0020] Variable annual decline in FEV~1~ has been reported, with mean values between 41 and 88 mL·yr^−1^, according to smoking status and COPD severity.[@CIT0020] The aim of this study was to estimate the rate of decline in lung function in individuals with severe AATD, by including a large number of subjects who are identified for reasons other than respiratory symptoms and not receiving regular AAT augmentation therapy. The second aim was to identify factors involved in the rapid decline in lung function.

Methods {#S0002}
=======

Study population and data collection {#S0002-S2001}
------------------------------------

Data on the individuals with severe AATD in this study were collected from the Swedish National AAT Deficiency Register, which is described elsewhere.[@CIT0021] Criteria for inclusion in the register are written informed consent, diagnosis of severe AAT deficiency (phenotypes PiZZ, PiZNull or PiNullNull) performed by isoelectric focusing and age ⩾18 years. Clinical examination and lung function tests were performed at the patients' local hospital every 2 years and reported by the attending physician to the AATD register via a questionnaire.

Details on smoking habits were also obtained from the questionnaire. Smoking status was based on the subjects' self-reports and was divided into three groups: never-, ex- and current smokers. A smoker who stopped smoking during the follow-up period was defined as a "quitter". A subject was defined as having a respiratory symptom if he or she reported cough, phlegm, dyspnea or wheeze. Based on the age at inclusion in the AATD register, we stratified the individuals into three age subgroups: "young" for individuals aged 18--39 years, "middle-aged" for those aged 40--59 years and "old" for those ≥60 years. None of the patients included in the present analysis received regular AAT augmentation therapy.

Lung function tests {#S0002-S2002}
-------------------

Spirometry including FEV~1~ and forced vital capacity (FVC) was performed at the patients' local hospital. Lung volume measurements were made in accordance with the European recommendations.[@CIT0022] The spirometric data are expressed in liters (L) and as a percentage of the predicted reference values according to the European standards.[@CIT0022] In patients with COPD at inclusion (FEV~1~/FVC ratio below 0.70), the airflow limitation severity was divided into four groups according to the Global Initiative of Lung Disease (GOLD) guidelines; GOLD I FEV~1~≥80% predicted, GOLD II 50%≤FEV~1~\<80% predicted, GOLD III 30%≤ FEV~1~\<50% predicted and GOLD IV FEV~1~\<30% predicted.[@CIT0011]

Decline in FEV~1~ (∆FEV~1~) {#S0002-S2003}
---------------------------

∆FEV~1~ is expressed as mL·yr^−1^. Pre-bronchodilator values were analyzed. In order to analyze the rate of decline in FEV~1~, the criteria for inclusion in the study were the results of at least 3 spirometric tests at 2-year intervals (or longer) during the whole follow-up time.

Exacerbations {#S0002-S2004}
-------------

Data on severe exacerbations in individuals with severe AATD and COPD at inclusion were obtained from the Swedish National Patient Register (SNPR). The AATD register was cross-linked with the SNPR using the Swedish system of personal identity numbers. The SNPR covers more than 99% of all hospitalizations since 1987 and about 80% of all hospital-based outpatient care since 2001 nationwide.[@CIT0023] The register contains information regarding hospitalizations, diagnoses, date of admission, age and national identification number. Missing information regarding hospital admissions is estimated to be \<1% per year. In this study, hospital admission diagnoses after inclusion in the register due to respiratory diseases were included. Diagnoses were coded according to the 9^th^ (before 1996) and the 10^th^ revisions of the WHO International Classification of Disease (ICD).[@CIT0024],[@CIT0025] ICD codes were grouped (ICD-9; ICD-10). Exacerbations were identified using the diagnosis code for inpatient hospitalizations with a COPD diagnosis code (491--492; J43-J44) in the first position, a diagnosis code for acute exacerbation (466; J440, J441), pneumonia (480--488; J189) or respiratory failure (786A, 799B; J96) in the second position, or the COPD diagnosis code in the second position, and acute exacerbation, pneumonia or respiratory failure diagnosis code in the first position. Patients were followed-up prospectively from the date of inclusion in the register until the date of lung transplantation (LT), lung volume reduction surgery (LVRS), death or study end (June 1, 2016).

The annual exacerbation rate of each individual was estimated as the fraction of the total number of exacerbations and the total number of days he/she participated in the study and multiplying the result by 365. Individuals experiencing more than the median annual exacerbation rate were classified as suffering from frequent exacerbations, while those having less than the median exacerbation rate were classified as suffering from infrequent exacerbations. This kind of division has earlier been reported in studies on COPD exacerbations of similar design as the present study.[@CIT0009],[@CIT0010]

Ethical considerations {#S0002-S2005}
----------------------

The study was approved by the Lund University Regional Ethical Review Board (2015/186). In accordance with Swedish research regulations for register-based research, individual patient consent on being included in a study was not required.

Statistical analyses {#S0002-S2006}
--------------------

Baseline data were tabulated using frequencies and percentages for categorical variables and means with SD for normally distributed, continuous variables. Comparisons of continuous variables with normal distribution were analyzed using ANOVA and post hoc Tukey. The individual's first reported FEV~1~ measurement at inclusion in the registry was treated as baseline data. The follow-up time for the analysis of ∆FEV~1~ was defined as the time from the date of the spirometry at inclusion to the first of the following occurrences: LT, lung volume reduction surgery (LVRS) and death or study end (June 1, 2016).

∆FEV~1~ was analyzed by random-effects modeling,[@CIT0026],[@CIT0027] which included ∆FEV~1~ (mL·yr^−1^) as the dependent variable, age at baseline, FEV~1~ at baseline and follow-up time as covariates, gender, smoking habits, presence of respiratory symptoms and COPD as fixed factors, and the individual patients as random-effects factors. In order to visualize the interaction of age and FEV~1~ at baseline in predicting lung function decline, we analyzed the predicted values for lung function decline (mL·yr^−1^) from a linear regression model, using age group and FEV~1~ at baseline as independent variables, with an interaction term between these two. A *p*-value \<0.05 was considered significant. Statistical analyses were performed with the Statistical Package for the Social Sciences (SPSS), version 23.0 (IBM Corporation, Armonk, NY, USA).

Results {#S0003}
=======

Up to June 2016, a total of 1,640 individuals with severe AATD were included in the Swedish National AATD Register. Of these, 1,132 had undergone three or more spirometries and were included in the study. The enrollment flow is presented in [Figure 1](#F0001){ref-type="fig"}. The demographic baseline data are shown in [Table 1](#T0001){ref-type="table"}. Thirty patients underwent LVR surgery and 86 underwent LT. The initial reasons for AAT analysis were: respiratory diseases or symptoms in 42% (n=472), liver disease in 7% (n=81), other diseases or symptoms in 27% (n=304) and family/population screening in 24% (n=275).Table 1Demographic data of the study population at baseline, stratified by smoking habitsCharacteristicsAll\
n=1,132Never-smokers n=489Ex-smokers\
n=539Current smokers\
n=104Men545 (48)233 (48)267 (50)45 (43)Age, years45 (16)43 (18) \*49 (12)39 (11)Respiratory symptoms, n (%)696 (61)216 (44) \*415 (77)65 (63)Mean follow-up, years15 (6)15 (6) \*\*14 (6)16 (6)FEV~1~ (% predicted)74 (32)91 (25) \*\*\*61 (31)66 (32)FVC (% predicted)96 (23)101 (19) \*\*\*92 (25)91 (26)FEV~1~/FVC0.63 (0.22)0.75 (0.17) \*0.53 (0.20)0.60 (0.21)Subjects with FEV~1~/FVC\<0.7, n (%)584 (52)129 (26) \*\*\*390 (72)65 (63)[^1][^2] Figure 1Consort diagram detailing the enrollment flow in the present study.**Abbreviations:**AATD, alpha-1 antitrypsin deficiency; COPD, Chronic Obstructive Pulmonary Disease; FEV~1, ~forced expiratory volume in 1 second; FVC, forced vital capacity; n, number

Smoking habits {#S0003-S2001}
--------------

The FEV~1~ % of predicted was significantly higher in the never-smokers compared with the current and ex-smokers, [Table 1](#T0001){ref-type="table"}. The current smokers were significantly younger and had a higher tobacco consumption than the ex-smokers, and the mean (range) number of pack-years was 18.2 (0.96--77) and 13.7 (0.1--116), respectively, *p*\<0.001. Of the 104 current smokers at inclusion, 73 (70%) stopped smoking during the follow-up. The median time between inclusion and abstaining from smoking was 2.3 years (range 0.1--17). The mean number of pack-years for the quitters was 21 (range 1.5--98).

COPD exacerbations {#S0003-S2002}
------------------

Of the 1,132 AATD individuals included in the present study, 584 (52%) were diagnosed as having COPD at the time of inclusion in the AATD Register. Of these, 65 (11%) were current smokers, 390 (67%) were ex-smokers and 129 (22%) were never-smokers.

Of the 584 patients with COPD, 355 (61%) experienced one or more severe exacerbations (admitted to hospital with the diagnosis COPD exacerbation) during the follow-up period. The overall median (interquartile range \[IQR\]) annual exacerbation rate was 0.66 (1.4). Frequent exacerbations (annual rate \>0.66) were found in 176 (30%) of the COPD patients.

Decline in FEV~1~ {#S0003-S2003}
-----------------

The median number of FEV~1~ measurements was 5 (range 3--15). The overall mean ∆FEV~1~ for the whole group was 40 (95% CI 36--44) mL·yr^−1^. The results of annual decline in FEV~1~ are shown in [Table 2](#T0002){ref-type="table"}. The mean ∆FEV~1~ adjusted for age and FEV~1~ at baseline were significantly higher in the current smokers than in the never- and ex-smokers, whereas it did not differ significantly between the never- and ex-smokers. The adjusted mean ∆FEV~1~ among the quitters was 65 (95% CI 49--82) mL·yr^−1^. The adjusted mean ∆FEV~1~ was significantly higher in the middle-aged individuals compared with the young individuals, in the individuals with respiratory symptoms at inclusion compared with the asymptomatic individuals and in the individuals with COPD (FEV~1~/FVC \<0.70) at inclusion compared with those with FEV~1~/FVC \>0.70, [Table 2](#T0002){ref-type="table"}. The number of pack-years of ≥10 was associated with greater ∆FEV~1~ than the number of pack-years of \<10. Individuals with frequent exacerbations (annual rate \>0.66) had a significantly greater decline compared with those with infrequent exacerbations. The interaction of age (years) and FEV~1~ at baseline (mL) in predicting lung function decline (mL·yr^−1^) is shown in [Figure 2](#F0002){ref-type="fig"}.Table 2The annual decline in FEV~1~ in 1,132 individuals with severe AAT deficiencyCharacteristicsnFEV~1~ at baseline; mean (SD)Unadjusted ∆FEV~1~Adjusted ∆FEV~1~Mean mL·yr^−1^ (95% CI)*p*-valueMean mL·yr^−1^ (95% CI)*p*-valueMen5452.93 (1.58)47 (41--53)0.00145 (39--51)0.049Women5872.25 (1.07)34 (28--40)36 (30--42)Age, years 18--394043.69 (1.19)31 (24--38)0.00532 (18--45)0.015 40--595142.05 (1.12)46 (40--52)48 (41--55) ≥602141.72 (0.83)45 (35--55)38 (21--56)Current smokers1042.40 (1.36)61 (47--74)0.00870 (56--83)0.000Ex-smokers5392.03 (1.20)39 (33--45)42 (36--48)Never-smokers4893.22 (1.30)37 (31--44)32 (25--38)Respiratory symptoms Yes6961.92 (1.14)43 (38--48)0.11546 (40--52)0.004 No4243.68 (0.99)36 (29--43)30 (22--38)COPD Yes5841.61 (0.88)41 (35--47)0.86747 (40--54)0.030 No5483.61 (1.03)40 (34--46)33 (26--41)Pack-years ≥103541.67 (1.00)45 (38--52)0.31750 (43--58)0.003 \<102772.64 (1.29)39 (31--48)33 (24--41)Frequent exacerbations1761.26 (0.60)49 (38--59)0.06757 (47--68)0.000Infrequent exacerbations1791.74 (0.81)35 (25--45)27 (17--37)GOLD I (FEV~1~≥80 % predicted)\*783.13 (0.81)54 (38--70)0.01044 (28--61)0.190GOLD II (50%≤FEV~1~\<80% predicted)1781.98 (0.53)49 (39--59)49 (38--60)GOLD III (30%≤FEV~1~\<50% predicted)2061.23 (0.32)39 (29--49)49 (36--61)GOLD IV (FEV~1~\<30% predicted)1220.74 (0.21)22 (9--35)40 (24--56)[^3][^4] Figure 2The predicted values for lung function decline (mL·yr^−1^) from a linear regression model, using age group and FEV~1~ at baseline as independent variables, with an interaction term between these two.**Abbreviations:** mL, milliter; FEV~1~, forced expiratory volume in 1 second.

Decline in FEV~1~ in previously published studies {#S0003-S2004}
-------------------------------------------------

[Table 3](#T0003){ref-type="table"} summarizes the results of the present study and of previously published data on the rate of decline in lung function according to smoking habits. The present study includes the largest number of individuals with severe AATD.Table 3The annual decline in FEV~1~ (∆FEV~1~; mL·yr^−1^) related to smoking habits in the present study and in the previously published longitudinal studies of individuals with severe AATDAllNever-smokersEx-smokersCurrent smokersn∆FEV~1~n∆FEV~1~n∆FEV~1~n∆FEV~1~Present study1,13240 (36--44)48937 (31--44)53939 (33--45)10461 (47--74)Dowson[@CIT0012]4367±14Fähndrich[@CIT0013]10054.06±164.6Needham[@CIT0014]8741 (15--96)Seersholm[@CIT0015]16181±941886±10710058±8043132±105Piitulainen[@CIT0016]60848±7921147 (41--53)35141 (36--48)4670 (58--82)Hutchison[@CIT0017]7166.3±46.31380.5±45.74455.4±43.41487.2±47.8Burdon[@CIT0018]5088±711783±533288±741134The AATD registry study group[@CIT0019]92754.3±2.120857.5±4.369752±2.422108.2±15Dawkins[@CIT0020]10149.9±7.4[^5]

Discussion {#S0004}
==========

Main findings {#S0004-S2001}
-------------

This prospective, register-based study with a long follow-up time shows that the mean decline in FEV~1~ is 40 mL·yr^−1^ in 1,132 individuals with severe AATD, not receiving regular AAT augmentation therapy. The current smokers, men, middle-aged subjects and those with repeated exacerbations of COPD have an accelerated decline in FEV~1~. Our analysis extends the previously published studies by including a large number of never-smokers and individuals identified for reasons other than respiratory symptoms.

Previous studies of lung function in severe AAT-deficient individuals have reported a high variability in the rate of decline in FEV~1~, which has varied between 41 and 88 mL per year.[@CIT0020] The decline measured in these studies is greater than in our study. However, similar to our results, some studies have reported a greater decline in current smokers than in ex- and never-smokers.[@CIT0019] Various results on yearly decline have been reported in never-smokers, ranging from 47 mL to 86 mL per year.[@CIT0019] Some studies have even reported a greater decline in never-smokers than in ex-smokers.[@CIT0015],[@CIT0017] However, these studies have included only a limited number of never-smokers. Our results show an annual decline in FEV~1~ of 37 mL in 489 never-smokers. As in the previous analysis of data from the Swedish AATD Register, we did not find any significant difference in annual decline in FEV~1~ between the never- and ex-smokers.[@CIT0016] These results indicate that in smoking individuals with severe AATD, the decline in lung function returns to the same level as in the never-smokers, after smoking was stopped.

When lung function at baseline was divided into severity groups according to the GOLD criteria, we found a greater annual decline in FEV~1~ in the subjects with mild and moderate COPD (GOLD I and II) compared to those with severe COPD. However, the difference became insignificant after adjustment for FEV~1~ and age at baseline. This finding suggests that the decline in lung function is dependent on the initial FEV~1~. Thus, the individuals with severe AATD with initial, well-preserved lung function seem to have a sharper decline in FEV~1~ than those with low initial FEV~1~. Previous studies have reported that the greatest ∆FEV~1~ occurs in AAT-deficient patients with moderate COPD (FEV~1~ 50--80% of the predicted value).[@CIT0019],[@CIT0020] The National Heart, Lung and Blood Institute (NHLBI) Register of Patients with Severe AATD has reported a decline of up to 76 mL yearly in AAT-deficient patients with moderate COPD (FEV~1~ 50--80% of the predicted value).[@CIT0019] However, in this study, the follow-up period was only 57 months, and the majority of the 927 individuals had received AAT replacement therapy. In Dawkins' study, the decline in moderate COPD was 90 mL per year.[@CIT0020] This study included a limited number of 101 individuals with severe AATD and 26 of them had moderate COPD. The follow-up period was 3 years. It is possible that these reasons influenced the results that overestimated the decline.

The FEV~1~ value is useful in the diagnosis of COPD in general, and a low FEV~1~ is a predictor for all-cause and respiratory mortality.[@CIT0007],[@CIT0008],[@CIT0011] Exacerbations have also been identified as a risk factor for a poorer prognosis in usual COPD.[@CIT0009],[@CIT0010] Up to 52% of the study population in our study had COPD at inclusion. The majority of the subjects with COPD had at least one severe exacerbation during the follow-up period. The median annual rate of severe exacerbations of 0.66 seems to be lower than has been reported in previous studies on exacerbations with a similar design, in patients with usual COPD and those with AATD. Makris et al have found a significant interaction between the exacerbation frequency and lung function decline in patients with usual COPD.[@CIT0010] They reported a median annual rate of 2.85 exacerbations in 102 patients with usual COPD over 3 years' follow-up. However, 44% of the patients were smokers, and the exacerbations were self-reported. Needham et al have found that the average number of exacerbations in 265 AATD individuals was similar to that seen in non-AATD COPD.[@CIT0014] The mean number of exacerbations was 1.2±0.1 during the first year of the study, and no association was found between the presence of exacerbations and decline in FEV~1~ during the study period of 3 years.[@CIT0014] Dawkins et al have reported an annual rate of exacerbations that varied between 1.22 and 1.61 in 101 patients with severe AATD.[@CIT0020] We found that frequent exacerbations were associated with accelerated loss of FEV~1~. Our findings are in accordance with previous studies of usual COPD and in AATD patients.[@CIT0009],[@CIT0010],[@CIT0012],[@CIT0013],[@CIT0020]

Clinical implication {#S0004-S2002}
--------------------

Our findings provide new information on the decline in lung function in individuals with severe AATD. Patients with rapid decline should be offered intense pharmacological and nonpharmacological interventions that may mitigate their risk for further deterioration. The most important intervention is smoking prevention. The use of modern pharmacotherapy in COPD may help slow the rate of lung function decline and reduce further exacerbations. If this is to be of benefit, therapy should start early in the course of the disease.[@CIT0028] We have also identified risk factors for accelerated lung function impairment.

Strengths and limitations {#S0004-S2003}
-------------------------

An important strength in our study is that the data are accurate, being assembled from the well-established Swedish National Register of individuals with severe AATD with a correct diagnosis based on isoelectric focusing. The detection rate of severe AAT deficiency is relatively high (30%) in Sweden.[@CIT0021] A large proportion of the individuals with severe AATD in the register are never-smokers (45%) and have been identified for reasons other than respiratory symptoms, which increases the accuracy of the data. The follow-up period was long, from 1991 to 2016, which is another important strength that distinguishes the Swedish National AAT Register from other national registers of AATD.

The data on exacerbations were obtained from the Swedish National Patient Register with a high coverage of all hospitalizations. Diagnoses of exacerbations were accurate because they were made by the physicians at outpatient visits or during periods of hospitalization.

Limitations of the study: The lung function tests were performed at local hospitals throughout Sweden. Another limitation is that only pre-bronchodilator values were analyzed. Furthermore, we have not analyzed other risk factors for decline such as occupational exposure to airway irritants.

Conclusion {#S0005}
==========

In individuals with severe AATD, the mean decline in FEV~1~ and the annual rate of exacerbations are lower than previously reported. Active smoking, age, respiratory symptoms at baseline and repeated exacerbations of COPD are factors associated with an accelerated decline of lung function.
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[^1]: **Notes:** Data presented as mean (SD) or frequency (percentage). \**p*\<0.05 between all smoking categories; \*\**p*\<0.001 between never-smokers vs ex-smokers; \*\*\**p*\<0.001 between never-smokers vs current smokers and between never-smokers vs ex-smokers.

[^2]: **Abbreviations:** FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; n, number.

[^3]: **Notes:** The ∆FEV~1~ is expressed in mL·yr^−1^; \*airflow limitation severity in the patients with FEV~1~/FVC \<0.70 according to the GOLD guidelines.

[^4]: **Abbreviations:** AATD, alpha-1 antitrypsin deficiency; FEV~1~, forced expiratory volume in one second; ∆FEV~1~ was adjusted for FEV~1~ and age at baseline; COPD, chronic obstructive pulmonary disease; GOLD I--IV, Global Initiative for Chronic Obstructive Lung Disease grade; n,number.

[^5]: **Abbreviations:** AATD, alpha-1 antitrypsin deficiency; mL, milliter; yr, year; FEV~1~, forced expiratory volume in 1 second; ∆FEV~1~, decline in FEV~1~; n, number.
